Physiological hyperglycaemia and hyperinsulinaemia are strong modulators of gene expression, which underpins some of their well-known effects on insulin action and energy metabolism. The aim of the present study was to examine whether acute in vivo exposure of healthy humans to hyperinsulinaemia and hyperglycaemia have independent or additive effects on expression of key metabolic genes in skeletal muscle. On three randomized occasions, seven young subjects underwent a 4 h (i) hyperinsulinaemic (50 m-units · m
INTRODUCTION
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modulators of gene expression. Short-term insulin infusion in healthy humans was shown to regulate about 800 skeletal muscle genes involved in a number of processes including transcriptional regulation, intracellular signalling and energy metabolism [3, 4] .
While those studies investigated global changes in gene expression following insulin infusion, our laboratory has shown that in healthy humans the expression of insulin-inducible genes in human skeletal muscle [such as PDK4 (pyruvate dehydrogenase kinase 4), HKII (hexokinase II), SREBP1c (sterol-regulatoryelement-binding protein 1c) and facilitated GLUT4 (glucose transporter 4)] is altered in insulin resistant and dietary carbohydrate deprivation states [5] [6] [7] [8] . However, these states are often accompanied by changes in blood glucose concentrations and/or metabolism and therefore one cannot fully distinguish the independent effects of changes in insulin signalling and availability of glucose as a substrate on gene expression under those conditions. Hence, many previously ascribed insulin sensitive genes are also regulated by glucose. Indeed, maintaining hyperglycaemia (∼ 10 mmol/l) during a 3 h clamp in healthy humans modified the expression of about 300 skeletal muscle genes involved in various processes including glucose metabolism (such as HKII and PDK4) [9] .
Very little is known about the combined effects of physiological hyperinsulinaemia and hyperglycaemia on metabolic gene expression. Some of these effects might be additive or synergistic depending on: (i) the extent of convergence of the signalling pathways by which glucose and insulin control gene expression, and (ii) the extent to which these effects can be attributed to changes in intracellular glucose flux.
The aim of the present study was to examine for the first time whether acute in vivo exposure of healthy humans to hyperinsulinaemia and hyperglycaemia have independent or additive effects on expression of genes encoding key enzymes and transcription factors involved in energy metabolism in human skeletal muscle. The adverse effects of hyperglycaemia on both insulin action and intramuscular lipid accumulation (glucolipotoxicity) are not acute and occur after at least 5 h of exposure to hyperglycaemia [10, 11] . Therefore the present study sought to examine changes in gene expression during the first 4 h of hyperglycaemia with and without concomitant hyperinsulinaemia in an attempt to identify the early molecular events that may precede the development of glucolipotoxicity and insulin resistance.
MATERIALS AND METHODS

Subjects
Seven healthy non-obese males [age 22.7 + − 1.9 years; body mass, 78.8 + − 3.2 kg, BMI (body mass index), 24.2 + − 0.8 kg/m 2 ] participated in the study after providing written informed consent. All procedures were performed according to the Declaration of Helsinki and approved by the local Medical School Ethics Committee. In the absence of data on the additive effects of hyperinsulinaemia and hyperglyceamia on gene expression in humans, data from studies that reported their independent effects on key metabolic genes (such as PDK4, HKII, SREBP1c) in human skeletal muscle [5, 8, 9] was used to calculate the number of subjects required to provide 80 % probability at a 5 % significance level to detect at least a 50 % change in their mRNA content over the duration of the study.
Experimental design
On three randomized occasions, 2 weeks apart, all subjects underwent: (i) a hyperinsulinaemic-hyperglycaemic clamp for 4 h (HIHG trial). The magnitude of hyperinsulinaemiahyperglycaemia was designed to match the plasma insulin (∼ 80 m-units/l) and glucose (∼ 10 mmol/l) responses normally seen after ingestion of carbohydrate-rich meals; (ii) a euinsulinaemic (∼ 8-10 m-units/l)-hyperglycaemic (10 mmol/l) clamp for 4 h (LIHG trial); (iii) a hyperinsulinaemic-euglycaemic (4.5 mmol/l) clamp for 4 h (HING trial).
Experimental protocol
On each experimental day, subjects arrived at the laboratory after an overnight fast (10-12 h) having abstained from smoking and caffeine on the day of the study, and from alcohol and heavy exercise for the previous 3 days. The subjects were asked to lie on a bed and sterile cannulae were inserted under local anaesthetic (1 % lidocaine) into an antecubital vein on one arm for glucose and insulin infusion, and into a dorsal vein on the non-dominant hand for sampling, with the hand placed in a hot-air box maintained at 50-55
• C to arterialize the blood. A slow infusion of 0.9 % sterile saline was used to keep the sampling line patent. After resting for 15 min, a baseline blood sample was obtained followed by a muscle sample from the vastus lateralis of one leg using the percutaneous needle biopsy technique as previously described [7] . All muscle samples were kept in liquid nitrogen for subsequent analysis.
After this, on two occasions, infusion of human soluble insulin (Actrapid, Novo) commenced at a rate of 50 munits · m − 2 · min − 1 and continued throughout each 4 h clamp, with 20 % (w/v) dextrose infused at a variable rate to maintain blood glucose concentrations at either 4.5 mmol/l (HING trial) or 10 mmol/l (HIHG trial), respectively. On both occasions, infusion of somatostatin at 500 μg/h (to inhibit endogenous insulin secretion), and replacement infusion of glucagon [0.7 ng · (kg On all occasions, monitoring of blood glucose was carried out every 5 min to ensure that it remained at desired levels. Subjects remained in a semi-recumbent position for the entire period of infusion. Then 8 ml blood samples were also collected every 20 min. A ventilated canopy system linked to a metabolic cart (GEM; Nutren Technologies) was used to measure O 2 consumption and CO 2 production for 15 min immediately before and every hour during each clamp. Measurements were made while the subjects were lying supine, undisturbed and awake. RERs (respiratory exchange ratio) and rates of carbohydrate and fat oxidation [expressed as mg · (kg of body mass) − 1 · min − 1 ] were calculated from the CO 2 and O 2 measurements as described previously [12] .
A second muscle sample was obtained at the end of the clamp (4 h) from the same leg but a different site at least 3 cm apart.
Following this, the insulin, somatostatin and glucagon infusions were discontinued. The 20 % (w/v) dextrose infusion was continued to prevent symptoms of hypoglycaemia. A meal was provided after which subjects were allowed to leave the laboratory.
Blood analysis
Whole-blood glucose concentrations were measured immediately after collection using a Yellow Springs Instrument Analyser (2300 STAT PLUS). Plasma and serum were separated by centrifugation (15 min at 3000 g). Plasma was analysed for NEFA (nonesterified fatty acid) concentrations using a commercially available kit (NEFA-C test; Wako Chemicals). Serum was analysed for insulin and glucagon concentrations by RIA (Diagnostics). The aliquot of whole blood used to derive the serum for the glucagon assay was treated with 100 μl of aprotinin containing 1000 kallikrein-inactivating units and the serum was subsequently stored in glass tubes at − 80
• C until analysis.
Skeletal muscle analysis
Long-chain acyl-CoA and G6P (glucose 6-phosphate) content were determined enzymatically ( [13] and [14] respectively). Both measurements were performed in muscle samples from five subjects due to limited biopsy material. Skeletal muscle long-chain acyl-CoA content was measured to assess the extent of intramyocellular lipid accumulation in response to hyperglycaemia, which has been shown to impinge on insulin-stimulated glucose uptake [15] . Skeletal muscle G6P content was measured to assess whether its accumulation in response to hyperglycaemia is associated with the induction of genes involved in skeletal muscle lipogenesis under those conditions [16, 17] . Total RNA was extracted from 15-20 mg of frozen muscle tissue according to the method described by Chomczynski and Sacchi [18] using TRIzol ® reagent (Invitrogen). Quantification of RNA and its RT (reverse transcription) was carried out as described previously [7] . Taqman low-density custom array using Micro Fluidic cards (ABI Applied Biosystems) was used for the relative quantification of expression of 48 metabolic genes. Each card allowed for eight samples to be run in parallel against 48 Taqman gene expression assay targets that were pre-loaded into each of the wells on the card (Supplementary Table S1 at http://www.clinsci.org/cs/124/cs1240675add.htm). A control sample was loaded in each card to assess reproducibility of data between cards and normalize for variations in the expression of the target genes between cards. Briefly, 50 μl of Taqman Universal PCR master mix (2×) (ABI Applied Biosystems) was added to 200 ng of RNA equivalent of cDNA into an Eppendorf RNAsefree tube. RNAse-free water was added to make the total volume of the reaction mixture up to 100 μl. The reaction mixture was mixed, centrifuged and loaded into one of the fill reservoir of the Micro Fluidic card. The cards were centrifuged (MULTI-FUGE 3 S-R; Heraeus) and ran on a 7900HT Fast Real-Time PCR System (ABI Applied Biosystems). Relative quantification of the genes of interest was performed using the comparative C T method. The average expression of three housekeeping genes [α-actin, 18S ribosomal RNA (18S) and HMBS (hydroxymethylbilane synthase)] was used to normalize the data to minimize variations in the expression of individual housekeeping genes. Real-time PCR was also performed using an ABI Prism 7000 Sequence Detection System (ABI Applied Biosystems) to confirm changes in patterns of expression of individual genes (PDK4, HKII, SREBP1c and α-actin; results not shown).
Protein extraction and Western blotting
Total protein extracts were prepared from 20-30 mg of frozen biopsy tissue by homogenization in a Hepes phosphatase buffer as described previously [8] . The extracts were used for the determination of phospho-IRS1 (insulin receptor substrate-1) Ser 302 and phospho-Akt Ser 473 (Cell Signaling Technology) and the endogenous control α-actin (Sigma-Aldrich). Protein concentrations of tissue extracts were measured using the BCA (bicinchoninic acid) method (Pierce). Proteins were separated, blocked, Western blotted and quantified as described previously [7, 8] . The phosphorylation of IRS1 at Ser 302 and Akt at Ser 473 was assessed as indices of activation of insulin signalling in response to treatments. Increased phosphorylation of IRS1 at Ser 2 has been implicated in the development of lipid-induced insulin resistance [19] , whereas impairment in Akt phosphorylation at Ser 473 is associated with decreased skeletal muscle insulin-stimulated glucose uptake in Type 2 diabetes [20] .
Statistical analysis
All biochemical and molecular data were analysed using a repeated measures two-way [treatment (HING against HIHG against LIHG)×time (pre-clamp against post-clamp)] ANOVA. A one-way ANOVA was used to compare glucose disposal, RER and substrate oxidation rates between the three trials. When a significant difference was obtained with either two-way or oneway ANOVA, data were analysed further with paired Student's t tests using the Bonferroni correction. Statistical significance was accepted at a 5 % level. Results are presented as means + − S.E.M.
RESULTS
Whole-body responses
The GIR (glucose infusion rate) during the last 2 h of the clamp was higher (P < 0.001) in HIHG than HING [16.7 + − 1.3 against 8.9 + − 0.4 mg · (kg of body mass)
. In both trials, GIR was higher (P < 0.001) than LIHG [2.6 + − 0.3 mg · (kg of body mass)
over the same period of time. There was no decrease in the GIR required to maintain hyperinsulinaemia and/or hyperglycaemia during the latter stages of the three clamps (Figure 1) . There was an increase (P < 0. − 1 · min − 1 ; P < 0.05] trials. The CHO oxidation rate was higher (P < 0.05) in HIHG than in HING. On the other hand, the average rate of fat 
Blood metabolites
Blood glucose concentrations were kept at similar levels in LIHG and HIHG (10.4 + − 0.1 and 10.1 + − 0.1 mmol/l respectively), whereas they were maintained at fasting levels (4.4 + − 0.1 mmol/l) throughout the HING clamp (Table 1) . Serum insulin concentrations were maintained at 78 + − 3 and 76 + − 2 m-units/l during the clamps in HIHG and HING, respectively, and were higher (P < 0.0001) than the fasting levels maintained in LIHG (7.3 + − 1.1 m-units/l) ( Table 1) . Serum glucagon concentrations declined by about 33 % at the end of all trials (P < 0.001) from an average baseline value of 71.0 + − 8.5 pg/ml with no difference observed between treatments. Plasma NEFA concentrations were suppressed below baseline values at all times in both HIHG and HING (P < 0.001) ( Table 1) . Circulating NEFAs were also suppressed during the last 2 h of LIHG (P < 0.01), although to a lesser extent compared with the other trials.
Skeletal muscle long-chain acyl-CoA and G6P content Values represent ratios of the mRNA content of target genes to the average content of three housekeeping genes (α-actin, 18S and HMBS) and are expressed as means + − S.E.M., n = 7. Two-way ANOVA revealed significant time effects (changes from pre-clamp to post-clamp values) for 17 genes across all three treatments: *P < 0.05 and **P < 0.01 compared with pre-clamp. Two-way ANOVA revealed significant interaction (between treatment and time) effects (P < 0.05) for LDH, IRS2, ABCA1, FATP1 and CD36. †P < 0.05 compared with HIHG; ‡P < 0.05 compared with HING; # P < 0.05 compared with LIHG. Both treatment and interaction effects were observed with two-way ANOVA for PI3KR1 (P < 0.01 and P < 0.001, respectively) and SREBP1c (P < 0.05 and P < 0.01, respectively): §P < 0.05 compared with HING and LIHG; ¥ P < 0.01 compared with LIHG. The HIHG clamp caused an increase in the mRNA content of GLUT4, HKII, PI3KR1, FOXO1, LXRα, SREBP1c and G6PD, whereas a decrease was observed for PDK4, PDP1, IRS1, IRS2 and FATP1 ( Figure 2B ). There was a trend for induction of LCAD (P = 0.08) in HIHG.
Skeletal muscle gene expression
The LIHG clamp resulted in up-regulation of PI3KR1, LXRα, ChREBP, ABCA1, CD36 and LCAD, whereas PDP1 was suppressed ( Figure 2C ). There was a strong trend for suppression of PDK4 (P = 0.06) and induction of FOXO1 and G6PD (both P = 0.08) in the LIHG trial.
Two-way ANOVA also revealed significant interaction between treatment (HING against HIHG against LIHG) and time (pre-clamp against post-clamp) effects (P < 0.05) for IRS2, FATP1, LDH, ABCA1 and CD36. Hyperinsulinaemia resulted in suppression of IRS2 and FATP1 (Figures 2A and 2B ), and this response was different (P < 0.05) when compared with the LIHG trial, which showed no change in the expression of those genes. In contrast, the hyperinsulinaemia-induced decrease in LDH gene expression in HING (Figure 2A ) was different (P < 0.05) to the response observed in the HIHG trial ( Figure 2B ), suggesting that in the presence of hyperglycaemia the suppressive effect of hyperinsulinaemia on LDH was abolished in the HIHG trial. The expression of ABCA1 was up-regulated (P < 0.05) in LIHG ( Figure 2C ), whereas in the presence of hyperinsulinaemia the stimulatory effect of hyperglycaemia was abolished in the HIHG trial (P < 0.05 from LIHG). The effect of hyperglycaemia with and without concomitant hyperinsulinaemia (HIHG and LIHG trials, respectively; Figures 2B and 2C) on CD36 was greater (P < 0.05) than the effect of hyperinsulinaemia alone in the HING trial (Figure 2A ).
Both treatment and interaction (between treatment and time) effects were observed for PI3KR1 (P < 0.01 and P < 0.001, respectively) and SREBP1c (P < 0.05 and P < 0.01, respectively). SREBP1c was equally induced (P < 0.01) in the hyperinsulinaemic trials (HING and HIHG) (Figures 2A and 2B ) and this effect was higher (P < 0.01) in both trials when compared with a small non-significant decrease in LIHG ( Figure 2C ). Hyperinsulinaemia and hyperglycaemia exerted an additive effect on PI3KR1, with both stimuli increasing its expression (P < 0.01 and P < 0.05, respectively) albeit the former was a more potent stimulus than the latter (P < 0.05). When combined, their effect was higher (P < 0.05) than either of the responses alone and similar to the sum of the individual effects ( Figure 2B ).
Skeletal muscle insulin signalling proteins
Two-way ANOVA revealed a significant time (but not treatment or interaction) effect for the phosphorylation of IRS1 at Ser 302 . Post-hoc analysis between the pre-clamp and post-clamp values showed a 25 % increase in the phosphorylation of IRS1 at Ser 302 at the end of HING (P < 0.05), with no significant changes in HIHG and LIHG ( Figure 3A ). There was a 2.5-3.0-fold increase (P < 0.05) in the phosphorylation of Akt at Ser 473 in response to HIHG and HING treatments, but no increase was seen in LIHG ( Figure 4A ). The phosphorylation of Akt in HIHG and HING was higher than in LIHG (P < 0.01 and P < 0.05, respectively; two-way ANOVA interaction effect). Representative blots for phospho-IRS1 and phospho-Akt are shown in Figures 3(B)  and 4(B) , respectively.
DISCUSSION
The results of the present study have shown for the first time that superimposing hyperinsulinaemia on hyperglycaemia exerts an additive effect on PI3KR1, a key gene involved in insulinstimulated glucose transport in human skeletal muscle. Furthermore, hyperinsulinaemia, but not hyperglycaemia, altered the expression of genes involved in glucose metabolism and insulin signalling (SREBP1c, GLUT4, HKII, LDH and IRS2). Hyperglycaemia itself altered the expression of genes involved in fatty acid transport and oxidation (CD36, LCAD and FOXO1), lipid formation and reverse cholesterol efflux (LXRα, ChREBP, ABCA1 and G6PD).
PI3K, a signal transduction protein in the insulin signalling pathway, is an important mediator of insulin-stimulated glucose transport in skeletal muscle and consists of a regulatory (p85) and a catalytic subunit (p110). Two isoforms of p85 (p85α and p85β) have been identified, which are encoded by distinct genes (PI3KR1 and PI3KR2 respectively). Free p85α plays a negative role in skeletal muscle PI3K/Akt signalling axis by competing with the p85/p110 dimer for binding to IRS1 and activation of PI3K [21, 22] . Human skeletal muscle p85α gene (PI3KR1) expression increases in response to short-term hyperinsulinaemia in both healthy lean subjects and obese insulin resistant subjects, but this effect is blunted in Type 2 diabetic patients [23, 24] . The present study confirmed the stimulatory effect of hyperinsulinaemia on the PI3KR1 gene which encodes the p85α subunit in human skeletal muscle, and showed for the first time that hyperglycaemia exerts a similar effect, which is enhanced in an additive manner when the two stimuli are combined. Since superimposing hyperglycaemia on hyperinsulinaemia resulted in substantial increases in the rates of glucose infusion and oxidation when compared with each stimulus itself, it is possible that their additive effect may have been brought about by two different mechanisms, namely, the activation of the PI3K/Akt signalling axis and the concurrent increase in glucose availability and intracellular metabolism. Although the IRS1-associated PI3K activity was not determined in the present study, the fact that there was no difference in the phosphorylation of serine Akt at Ser 473 and IRS1 at Ser 302 between the HIHG and HING trials, suggests that differences between trials in IRS1-associated PI3K activity would have been unlikely in this setting. In support of this, the adverse effects of hyperglycaemia on insulin signalling are not acute and occur after at least 5 h of exposure to hyperglycaemia [10, 11] .
Indeed, previous studies on rodents have shown that shortterm hyperglycaemia (3-5 h) does not affect the activation of insulin signalling proteins in skeletal muscle [16] , whereas prolonged infusion of glucose (1-5 days) inhibited early steps in insulin signalling [25] . This might be related to a concomitant increase in intramuscular lipid formation under the latter conditions. Indeed, in rodent skeletal muscle [10] and human muscle culture [11] , prolonged hyperglycaemia is associated with longchain acyl-CoA, DAG (diacylglycerol) and TAG (triacylglycerol) accumulation, which may impinge on insulin-stimulated glucose transport [15] . In the present study, the duration (i.e. 4 h) of hyperglycaemia in the combined trial (HIHG) was not long enough to cause impairment in the rate of glucose infusion required to maintain hyperglycaemia during the latter stages of the clamp. This is consistent with the fact that there was neither significant accumulation of intramuscular long-chain acyl-CoAs in response to that treatment, nor impairment in the activation of Akt or a significant phosphorylation of IRS1 on Ser 302 . The latter has been implicated in the development of lipid-induced insulin resistance by interfering with the interaction between insulin receptor and IRS1 in most [19, 26] but not all [27] studies.
Activation of SREBP1c, LXRα and/or ChREBP may provide a potential mechanism by which prolonged hyperglycaemia promotes lipogenesis in skeletal muscle [28] . In the present study, acute hyperglycaemia did not alter the gene expression of SREBP1c, which is in line with a study using primary rat muscle culture exposed to hyperglycaemia (25 mmol/l) for 2 h and showed no effect on skeletal muscle SREBP1c mRNA content [29] . However, an increase in the precursor and mature forms of the SREBP1c protein was observed in the latter study suggesting that hyperglycaemia may regulate SREBP1c at a posttranslational level. In the present study, acute hyperinsulinaemia up-regulated the expression of SREBP1c and its transcriptional target HKII, which confirmed previous findings [5, 30] . The observation that hyperglycaemia itself increased glucose disposal (albeit to a lesser extent than hyperinsulinaemia alone) but failed to activate Akt, suggests that an increase in glucose flux may not be sufficient to up-regulate the expression of SREBP1c and HKII and that, in line with previous observations, activation of the PI3K/Akt pathway is essential for induction of those genes by insulin [31] .
Glucose was also shown to stimulate the transcriptional activity of LXR and induce expression of genes involved in lipid metabolism and lipogenesis [such as SREBP1c, PK (pyruvate kinase), ABCA1, ACC (acetyl-CoA carboxylase) and FASN (fatty acid synthase)] [32] . These effects are mediated, at least in part, through ChREBP, which is as a target for LXR [33] and appears to be necessary for the induction of glucose-regulated genes in mouse liver [34] . Interestingly, a study by Meugnier et al. [9] using a global gene array approach showed no effect of hyperglycaemia (3 h at 10 mmol/l) on ChREBP in human skeletal muscle. In contrast, the present study showed, for the first time in an in vivo setting, an increase in the expression of human skeletal muscle ChREBP, LXRα and one of its target genes (ABCA1, a reverse cholesterol transporter) in response to acute hyperglycaemia. Although both hyperglycaemia and hyperinsulinaemia increased the expression of LXRα, no additive effect was observed when the two stimuli were combined. In contrast, in the presence of hyperinsulinaemia the stimulatory effect of hyperglycaemia on ABCA1 was abolished. Glucose can activate ChREBP through dephosphorylation by activation of PP2A (protein phosphatase 2A) [35] , which is mediated by accumulation of xylulose 5-phosphate [a metabolite in the PPP (pentose phosphate pathway)]. Accumulation of G6P is an alternative mechanism for activation of ChREBP by glucose independent of the PP2A-mediated pathway [17] . Interestingly, there was a trend for an increase in muscle G6P content in the hyperglycaemic trials in the present study. Previous studies have shown that chronic hyperglycaemia (up to 4 days) reduces insulin-stimulated glucose uptake and glycogen synthesis in human skeletal muscle cells [36] , although acutely (up to 4 h) it may actually increase muscle G6P and glycogen levels [16] . Therefore it is conceivable that an increase in the formation of intramuscular G6P (through an increase in hyperglycaemiastimulated glucose disposal) along with activation of the PPP under those conditions may provide a hormone-independent dual mechanism for the induction of genes involved in intramuscular lipid accumulation (such as LXRα and ChREBP).
One may argue that the early changes in expression of genes involved in lipogenesis observed in the present study may be transient and not reflected by changes in protein expression and therefore have little significance for events developing in response to more sustained levels of hyperglycaemia. The main reason total protein measurements were not included in the present study is the short duration of the intervention (i.e. 4 h), which in line with our main aim was employed to identify the early transcriptional events that precede the induction of glucolipotoxicity and insulin resistance under hyperglycaemic and hyperinsulinaemic conditions. We have shown previously [5, 8] that most of the metabolic transcripts studied (such as GLUT4, HKII and PDK4) in human skeletal muscle are not translated into protein within that time frame. Therefore future studies using longer periods of hyperglycaemia will be required to investigate the translational changes in response to treatment. Recent unpublished evidence from our laboratory showed that incubating human primary myotubes in high compared with normal glucose media for up to 24 h increases the abundance of genes associated with lipogenesis and TAG storage such as CHREBP, FASN and ADFP (adipose differentiation-related protein/perilipin). The use of human primary skeletal muscle cells in future studies will provide the opportunity to investigate both transcriptional and translational changes over the time course of prolonged periods of hyperglycaemia (up to 4 days) that are difficult to achieve in human in vivo studies.
Surprisingly, hyperglycaemia itself in the present study also altered the expression of genes involved in fatty acid transport and oxidation (CD36, LCAD and FOXO1) despite the fact that circulating NEFAs (and hence extracellular fat availability) were suppressed during the LIHG trial. This reduction in plasma NEFA levels may have been the result of either a direct effect of hyperglycaemia on suppression of adipose tissue lipolysis, although the literature on this topic is conflicting [37, 38] , or an indirect anti-lypolytic effect by a subtle non-significant increase (of ∼ 2 m-units/l) in insulin concentration during the LIHG trial [39] .
The fatty acid translocase CD36 facilitates NEFA uptake by skeletal muscle and its overexpression induces expression of FOXO1 in a PPARδ (peroxisome-proliferator-activated receptor, isotype δ)-dependent mechanism, which promotes fat oxidation in skeletal muscle [40] . FOXO1 is regulated by both insulin (through phosphorylation-mediated inactivation) and glucose (through deacetylation-dependent activation). Liverspecific deletion of FOXO1 in hyperglycaemic mice exacerbated lipid abnormalities typically associated with hyperglycaemia [41] , whereas increased deacetylation (and hence activation) of FOXO1 in rat hepatocytes promotes its nuclear retention and thus transcriptional activity [42] . Furthermore, deacetylation of FOXO1 in skeletal muscle mediates the transcriptional modulation of mitochondrial and fat utilization genes in response to fasting and exercise [43] . In the present study, both hyperglycaemia and hyperinsulinaemia increased the expression of FOXO1 in skeletal muscle, but no additive effects were observed when the two stimuli were combined. The implication of these findings is that induction FOXO1 (along with that of CD36 and LCAD) under hyperglycaemic conditions may be an early molecular manifestation of a protective mechanism against excessive intracellular lipid formation by increasing intramuscular fat oxidation, although further studies are required to test this hypothesis.
In conclusion, the results of the present study have shown that acute hyperglycaemia causes an early induction of key genes involved in intracellular lipid transport and formation in human skeletal muscle. Combining hyperinsulinaemia with hyperglycaemia exerted an additive effect on PI3KR1, a key gene in the insulin-signalling cascade. Collectively, the up-regulation of these genes may represent early molecular events that precede the development of glucolipotoxicity and insulin resistance normally associated with more prolonged periods of hyperglycaemia and hyperinsulinaemia.
CLINICAL PERSPECTIVES
r Sustained hyperinsulinaemia and hyperglycaemia promote ectopic fat accumulation in skeletal muscle and induce insulin resistance. In an attempt to identify the early transcriptional changes that precede these events, the present study examined changes in metabolic gene expression in human skeletal muscle during short-term hyperglycaemia with and without concomitant hyperinsulinaemia.
r The results from the present study show that (i) hyperglycaemia causes an early induction of key genes (including LXRα and ChREBP) involved in intramuscular lipid formation, and (ii) superimposing hyperinsulinaemia on hyperglycaemia exerts an additive effect on PI3KR1, which plays a negative role in insulin signalling.
r These may be early molecular events (and therefore potential targets for interventions) that precede the development of glucolipotoxicity and insulin resistance, two hallmarks of the metabolic syndrome that occur in response to chronic exposure to hyperinsulinaemia and hyperglycaemia. 
